β-TrCP, the substrate recognition subunit of SCF-type ubiquitin ligases, is ubiquitously expressed from two distinct paralogs, targeting for degradation many regulatory proteins, among which is the NF-κB inhibitor IκB. To appreciate tissue-specific roles of β-TrCP, we studied the consequences of inducible ablation of three or all four alleles of the E3 in the mouse gut. The ablation resulted in mucositis, a destructive gut mucosal inflammation, which is a common complication of different cancer therapies and represents a major obstacle to successful chemoradiation therapy. We identified epithelial-derived IL-1β as the culprit of mucositis onset, inducing mucosal barrier breach. Surprisingly, epithelial IL-1β is induced by DNA damage via an NF-κB-independent mechanism. Tissue damage caused by gut barrier disruption is exacerbated in the absence of NF-κB, with failure to express the endogenous IL-1β receptor antagonist IL-1Ra upon fourallele loss. Antibody neutralization of IL-1β prevents epithelial tight junction dysfunction and alleviates mucositis in β-TrCP-deficient mice. IL-1β antagonists should thus be considered for prevention and treatment of severe morbidity associated with mucositis.
β-TrCP, the substrate recognition subunit of SCF-type ubiquitin ligases, is ubiquitously expressed from two distinct paralogs, targeting for degradation many regulatory proteins, among which is the NF-κB inhibitor IκB. To appreciate tissue-specific roles of β-TrCP, we studied the consequences of inducible ablation of three or all four alleles of the E3 in the mouse gut. The ablation resulted in mucositis, a destructive gut mucosal inflammation, which is a common complication of different cancer therapies and represents a major obstacle to successful chemoradiation therapy. We identified epithelial-derived IL-1β as the culprit of mucositis onset, inducing mucosal barrier breach. Surprisingly, epithelial IL-1β is induced by DNA damage via an NF-κB-independent mechanism. Tissue damage caused by gut barrier disruption is exacerbated in the absence of NF-κB, with failure to express the endogenous IL-1β receptor antagonist IL-1Ra upon fourallele loss. Antibody neutralization of IL-1β prevents epithelial tight junction dysfunction and alleviates mucositis in β-TrCP-deficient mice. IL-1β antagonists should thus be considered for prevention and treatment of severe morbidity associated with mucositis.
gut immunity | anakinra | anti-IL-1 preventive therapy | cytotoxic side effects | graft-vs.-host disease O nly a few E3 ubiquitin ligases have been studied in vivo by gene disruption for the purpose of elucidating their functions and suitability as potential drug targets (1) (2) (3) . Beta-transducin repeat containing protein (β-TrCP) is an E3 ubiquitin ligase that affects numerous major cell regulators (1, 4, 5) , such as the effector of the Wnt pathway, β-catenin (6); the inhibitor of the NF-κB pathway, IκB (7); the cell cycle regulators CDC25A (8) , WEE1 (9), Emi1 (10) , and Bora (11) ; and DNA damage responsive proteins CDC25A and Claspin (12) . β-TrCP is encoded by two paralog genes that are thought to be identical in their known biochemical features considering their high degree of sequence homology (77%) and virtually identical substrate recognition "pocket" (13) . This redundancy may explain the mild phenotype observed upon in vivo ablation of β-TrCP1; the two best characterized substrates of β-TrCP, β-catenin and IκBα, do not accumulate in β-TrCP1-deficient MEFs (MEF β-TrCP1−/− ) (10) . Furthermore, residual expression of ∼20% β-TrCP2 activity on a β-TrCP1-null background is sufficient for preserving homeostasis in most tissues (2) . To gain a better understanding of in vivo β-TrCP functions, we created a floxed β-TrCP2 allele and crossed it to the β-TrCP1-null mouse (10) .
Here we show that the primary cellular assault following β-TrCP KO is DNA damage, which, when occurring in the gut, ignites a fatal colitis process that is IL-1β-dependent. This pathological process resembles the one that occurs in human patients following chemotherapy or radiation therapy-induced intestinal mucositis, and will therefore be referred to here as mucositis. We suggest that IL-1β is expressed and secreted by epithelial cells following DNA damage via an unknown mechanism. Expression of IL-1β is NF-κB-independent as observed in different experimental systems following DNA damaging treatments. Our study may have implications for human mucositis; we propose the possibility of using anti-IL-1β treatments [e.g., anakinra, an IL-1 receptor antagonist (IL-1Ra) (14) ] as a preventive means for chemoradiation therapy-induced mucositis.
Results

Mitotic Arrest and DNA Damage in Embryo Fibroblasts Following
Ablation of both β-TrCP Paralogs. The deletion of both β-TrCP paralogs [i.e., double KO (DKO)] was first studied in MEFs. Deletion of the floxed β-TrCP2 alleles in MEFs was achieved by using adeno-Cre transduction (SI Appendix, Fig. S1A ). As expected, the deletion resulted in stabilization of various substrates (SI Appendix, Fig. S1B ). β-TrCP1-deficient MEFs show delayed mitotic progression (10) , and DKO MEFs showed accumulation of cells with a 4N DNA content (SI Appendix, Fig.  S1C ), aberrant mitoses (SI Appendix, Fig. S1D ), and DNA damage, as shown by the presence of γ-H2AX (SI Appendix, Fig. S1B ).
Inducible β-TrCP KO in the Gut Results in Substrate Accumulation and NF-κB Inhibition. β-TrCP is a major NF-κB regulator, but, unlike other pathway regulators, its role in NF-κB signaling and Significance Deletion of the E3 β-TrCP in the mouse gut epithelium deregulates enterocyte cell cycle, induces a DNA damage response (DDR), and abolishes the epithelium barrier function, resulting in a lethal mucosal inflammation. Epithelial-derived IL-1β, likely induced by DDR independently of NF-κB, is a major culprit, and initiates the pathology by compromising epithelial tight junctions (TJs). Anti-IL-1β treatment secures the TJs and prevents the fulminant mucosal inflammation. IL-1β secretion accompanies human mucositis, a severe mucosal inflammatory reaction caused by chemoradiation therapy-induced DNA damage, which often results in treatment suspension. We propose that anti-IL-1β preventive treatment may ameliorate mucositis, as well as multiple disorders associated with epithelial barrier permeability, including burn injuries, head and neck trauma, alcoholic intoxication, and graft-vs.-host disease.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1322691111/-/DCSupplemental. homeostasis has hardly been studied in vivo (5) . To study its physiological role in gut homeostasis, we crossed the conditional β-TrCP2 KO mouse with β-TrCP1-null and the tamoxifen-regulated Villin-Cre-ER T2 deleter mouse (15) to achieve inducible β-TrCP2 deletion (i.e., an inducible DKO mouse). β-TrCP2 was deleted specifically in the gut epithelium 24 h after treatment with tamoxifen, as evident at the DNA and RNA levels (SI Appendix, Fig. S2 A and B) . As no specific antibody is available for detecting endogenous mouse β-TrCP1 or β-TrCP2 protein, we validated functional β-TrCP deletion through accumulation of phosphorylated β-catenin 48 h following tamoxifen treatment (SI Appendix, Fig. S2C ). Another substrate predicted to accumulate is IκBα, whose stabilization should inhibit NF-κB activation (5) . Indeed, immunofluorescence studies showed no nuclear p65 in DKO or WT gut epithelium, whereas considerable levels of nuclear p65 were detected in the single active allele (SAA) mouse model, which retains one of the four β-TrCP alleles ( Fig. 1A and see Fig. 6 and SI Appendix, Fig. S6 ). Likewise, and in accordance with previous reports (16), higher sensitivity methods showed considerable basal NF-κB activity in WT gut epithelium (Fig. 1B , control mice) but silencing of NF-κB target genes in DKO mice (Fig. 1B, D1 , D2, and D3 DKO mice). , an NF-κB protein, is present in epithelial cell cytoplasm of control mice, with no NF-κB stimulus, and in the nuclei of inflamed mice (SAA) that have residual β-TrCP activity and normal, unstable IκB. In spite of the severe inflammation in the DKO mice, p65 is cytoplasmic, probably because of stabilized IκB. E-cadherin (green)-negative immune cells infiltrating the epithelial layer signify the inflammation in DKO colons. Blue color indicates Hoechst, a nuclear marker. (Scale bar: 50 μm.) (B) NF-κB target genes expression analysis in enterocytes from the indicated mice. Unlike control mice that show basal NF-κB target gene expression, in DKO mice, NF-κB transcriptional activity is totally inhibited starting at day 1 (IκBα; P = 0.16563; MMP9, P < 0.0001; Ciap2, P < 0.0001; P100, P < 0.0001; P values calculated by unpaired two-tailed t test, controls vs. all DKO samples regardless of the time of harvest).
tissue ( Fig. 2A, Upper Center) . Gut inflammation is provoked in the absence of NF-κB activity, and similar to a previous report, it is associated with considerable apoptosis (16) . Many enterocytes are positive for the apoptosis marker cleaved caspase 3 ( Fig. 2A, Lower) , and, 2 d later, most of the epithelial cells in the large intestine are lost and the remaining mucosa is heavily infiltrated with immune and inflammatory cells ( Fig. 2A, Upper Right). At this stage, the mice have severe diarrhea and rectal bleeding, and die 1 d later.
The observed inflammation could be the result of intestinal barrier disruption (17, 18) , and, to this end, we tested barrier continuity in β-TrCP-deleted mice by the FITC-dextran permeability assay (19) . Remarkably, the barrier was already disrupted as early as 24 h after KO induction (Fig. 2B) of the inflammatory burst, suggesting it is a cause rather than the result of the mucosal inflammation.
To test the role of the intestinal flora in the developing phenotype, we treated the mice with an antibiotic mixture beginning 10 d before KO induction, until the animals were euthanized. The treatment significantly alleviated the pathologic process in deleted mice (Fig. 2C) , supporting an important role for barrier disruption and microbial penetration in the pathological process following β-TrCP deletion.
IL-1β, but Not TNF or IL-1α Activation Is the Primary Cause for Intestinal Barrier Disruption. TNF is the primary factor known to regulate intestinal barrier function upon inflammation and is a pathogenic component in inflammatory bowel disease (20) . It is also particularly destructive for enterocytes lacking NF-κB activity (16) . Similarly, IL-1α secretion was shown to play a key role in inflammation induced by damaged cells (21) , and is known to be expressed in epithelial cells (22) ; thus IL-1α might contribute to barrier opening. However, ELISA analysis proved that TNF and IL-1α are induced only 3 d following KO induction, 2 d after barrier disruption and appearance of the inflammatory infiltrate (SI Appendix, Fig. S3A ). This implies that TNF and IL-1α expression is likely an outcome rather than the source of inflammation. In accordance, pretreatment of the mice with etanercept, a soluble TNF decoy molecule, did not prevent the
is the primary cause of the barrier disruption. (A) Quantitative PCR (qPCR) analysis of IL-1β and IL-1R mRNA levels in enterocytes isolated from the indicated mice. Unlike other NF-κB target genes, IL-1β and IL-1R, which are commonly coregulated, are up-regulated at day 1 (IL-1β, P = 0.0315; IL-1R, P = 0.0385 by unpaired two-tailed t test). (B) IL-1β immunohistochemistry of control and DKO intestines at the indicated days. IL-1β is expressed in Paneth cells at day 1 and in enterocytes at days 1, 2, and 3, mainly in the crypt compartment. (Scale bar: 100 μm.) (C) IL-1β ELISA of intestinal samples. Unlike TNF, IL-1β is up-regulated starting at day 1, with additional increase at day 3 when general inflammation emerges (n = 3 for all groups; P = 0.0001 by unpaired two-tailed t test for day 1 DKO vs. control mice). (D) FITC levels in the plasma of the indicated mice, 24 h after KO induction and 6 h after FITC-dextran force-feeding. DKO mice show fourfold increase in FITC levels, indicating high gut permeability. However, DKO treated with anti-IL-1β neutralizing antibody (daily i.p. injections, 400 mg/kg body weight) showed reduced levels of plasma FITC, comparable with the control mice, revealing the critical role of IL-1β in the barrier disruption process of these mice. Neutralizing antibody dose was a daily injection of 4 mg/kg (46) . (Control, n = 7; DKO, n = 5; DKO plus anti-IL-1β, n = 7; DKO vs. control mice, P < 0.0001; DKO vs. DKO plus anti-IL-1β-treated mice, P < 0.0001 by unpaired two-tailed t test.) (E) H&E large intestine staining of control mouse (Left), Untreated DKO (Middle), and DKO treated with neutralizing anti-IL-1β antibody (Right) at day 5 after KO induction. DKO mice at day 5 show severe colitis with scarce recognizable crypt structures and large numbers of immune cells. In contrast, following anti-IL-1β neutralizing antibody treatment, although the colon is still severely inflamed, the pathologic condition is significantly ame- Left, ×20,000; Middle, ×50,000; Right, ×100,000.) All mice were killed at day 1. Distances between membranes in the TJs were measured, and the measurements appear next to the junction.
destructive inflammatory process following β-TrCP deletion (SI Appendix, Fig. S3B ). IL-1β is also known to affect intestinal barrier function (23), and, if induced following β-TrCP KO induction, could be the trigger for inflammation. However, IL-1β is known to be regulated by NF-κB, and, accordingly, should not be induced in β-TrCP-deficient cells. Surprisingly, IL-1β and its receptor IL-1R were up-regulated in epithelial cells already 24 h after KO induction (Fig. 3A) . This mRNA increase is likely NF-κB-independent, as β-TrCP depletion should block NF-κB activation in enterocytes. Indeed, other NF-κB target genes were not induced at this time point (Fig. 1B) , demonstrating two important points; the first is the high purity of the enterocytes sample, as the observed inhibition of NF-κB genes would have been impaired by any immune cells present in the samples. The second point is the NF-κB-independency of the IL-1β mRNA elevation. We confirmed IL-1β induction at the protein level by immunohistochemistry (Fig. 3B) and ELISA (Fig. 3C) . To test the putative functional role of IL-1β in inducing barrier disruption, we pretreated the mice with a neutralizing IL-1β antibody, and maintained the treatment throughout the experiment, and then assayed barrier function as described earlier. Strikingly, DKO mice treated with the neutralizing antibody showed lower permeability, comparable to control mice (Fig. 3D) , and significantly improved pathology at day 5 ( Fig. 3E) , as evidenced by the relatively high numbers of surviving epithelial cells in treated DKO mice (Fig. 3F ). EM analysis of anti-IL-1β-treated and untreated mice at day 1 revealed impaired tight junctions (TJs) for DKO enterocytes, but mostly normal junctions in treated DKO cells (Fig. 3G and SI Appendix, Fig. 3C ). We conclude that the aberrant activation of IL-1β in the gut epithelium is the primary cause of early barrier disruption in DKO mice and is likely a critical factor in the early onset of the pathologic condition in these mice.
DNA Damage Is an Early Event Following β-TrCP Deletion. The known transcriptional regulator of IL-1β expression, NF-κB, is inactive in the DKO enterocytes (Fig. 1) , and therefore cannot be responsible for IL-1β expression in these cells. β-TrCP deletion results in DNA damage (10) (SI Appendix, Fig. S1 ) and up-regulates IL-1β expression (Fig. 3) . DNA damage is known to induce IL-1β secretion, albeit via NF-κB activation and inflammasome-dependent secretion. We therefore looked for signs of DNA damage response (DDR) following β-TrCP deletion and observed intense γ-H2AX staining following β-TrCP KO, which increased with time (Fig. 4A) . This was confirmed by Western blot analysis (SI Appendix, Fig.  S4A ), as well as a later increase in p53 and p21 (SI Appendix, Fig.  S4B ). This time course correlates with IL-1β transcriptional upregulation (Fig. 3A) . The reason for the observed DDR could be chromosomal instability, a result of prolonged mitosis (Fig. 4B) , aberrant spindles (Fig. 4C, Lower) , and abnormal centrosome number (Fig. 4C, Upper) , all of which are specifically observed in the DKO enterocytes reflecting abnormal stabilization of β-TrCP substrates (1). In summary, following β-TrCP deletion, a DDR is strongly induced, temporally corresponding to IL-1β up-regulation.
DNA Damage Up-Regulates IL-1β Independently of NF-κB. Observing NF-κB-independent IL-1β up-regulation, which overlaps with a DDR following β-TrCP KO, raises the possibility that DNA damage could induce IL-1β independently of NF-κB. To test this assumption, we γ-irradiated WT mice and monitored IL-1β levels by immunohistochemistry and ELISA. IL-1β protein levels and release [measured by immunohistochemistry (IHC) and ELISA, respectively] were induced as early as 2 h after irradiation ( Fig. 5 A  and B) . Similarly to DKO, WT γ-irradiated mice showed early increased gut permeability (Fig. 5C ), temporally corresponding to increased IL-1β. In addition, an intestinal epithelial cell line (SW480) treated with the DNA damage inducer doxorubicin showed increased expression of IL-1β and IL-1R (the latter is coregulated with IL-1β; Fig. 5D, Left) . Similar results were obtained in primary bone marrow-derived macrophages treated with doxorubicin (Fig. 5D, Right) . Like in β-TrCP-depleted enterocytes, induction of DNA damage in SW480 cells up-regulated IL-1β independently of NF-κB, as it was not affected by proteasome inhibitor treatment or IKKβ knockdown (SI Appendix, Fig. S5 A and B) . We next tested whether mice lacking NF-κB activity in enterocytes (IKKα and IKKβ enterocyte-specific DKO, henceforth called IKK DKO) also induce IL-1β following γ-irradiation-induced DNA damage. Consistent with previous results from Greten et al. (24) , in the absence of NF-κB activation, IL-1β was secreted at the same time, and to similar levels, in γ-irradiated IKK DKO and WT mice (Fig. 5E ). However, compared with WT mice, IKK DKO mice had a sharper decrease in body weight ( Fig.   5F ), and worse signs of inflammation and tissue damage (Fig. 5G) . These results suggest that, as in β-TrCP deletion, the secretion of IL-1β following irradiation is an early NF-κB-independent event and that IKK, likely via NF-κB activation, has a radioprotective role (25) .
IL-1β Inhibition Limits the Inflammatory Reaction and the Pathologic
Process in a Mouse Model of Mucositis. IL-1β up-regulation has been observed in radiation-and chemotherapy-treated patients with mucositis (26), a severe side effect that occurs in 70% to 90% of all patients treated with standard chemotherapy and radiation therapy (27) . The development of mucositis often leads to the termination of therapy, and hence mucositis is of major clinical relevance (28) . Mice with no gut β-TrCP are incapable of activating NF-κB in the gut epithelium and thus cannot model in full the human disease. To test whether IL-1β neutralization prevents mucositis in a translational-relevant model, we used our SAA model mice, which present gut pathologic conditions similar to human mucositis (Fig. 6A) and, like the human disease, features NF-κB activation (Fig. 1A , Middle, and SI Appendix, Fig.  S6A ). SAA mice, unlike DKO mice, recover spontaneously, and the intestinal mucosa is restored 3 wk after KO induction ( ) (B) IL-1β ELISA on intestinal supernatants of WT irradiated mice. As soon as 2 h after 6 Gy γ-irradiation, IL-1β secretion is elevated more than twofold compared with nontreated mice (n = 3 for all groups; 2 h, P = 0.0109; 4.5 h, P = 0.1166; 6.5 h, P = 0.1361; 12 h, P = 0.2500; 24 h, P = 0.0915; P values calculated by unpaired two-tailed t test). (C) FITC-dextran permeability assay on WT irradiated mice. Gut permeability is increased following 6 Gy γ-irradiation (n = 3 in all groups; 2 h, P = 0.0017; 4.5 h, P = 0.0291, 6. rable, and considering the detrimental role of the cytokine in epithelial barrier function, we hypothesized that the resolution of SAA mucositis could result from an endogenous mechanism that antagonizes IL-1β activity, specifically in SAA. Indeed, unlike DKO mice, SAA mice showed incremental up-regulation of IL1Ra following β-TrCP ablation (Fig. 6B) . IL-1Ra transcription is dependent on NF-κB (29) , offering an additional protective role of NF-κB activity in DNA-damaged epithelium. This endogenous protective mechanism commences only several days after the onset of DNA damage (Fig. 6B) , thereby exposing the animal to severe morbidity, albeit transiently, similarly to patients with mucositis; late-onset NF-κB-mediated transcription of IL-1Ra may restrict the mucositis phase in SAA mice. To appreciate the protective importance of IL-1Ra expression in SAA mice, we examined a pretreatment effect of neutralizing anti-IL-1β: SAA mice treated with the neutralizing antibody before β-TrCP ablation showed no intestinal barrier loss (Fig. 6C) and had EM evidence of preserved TJ function (SI Appendix, Fig. S6 B and C) and milder mucosal pathology with lessened inflammatory infiltrates (SI Appendix, Fig. S6 D and E) . We therefore conclude that IL-1β inhibition, endogenously or with exogenous means, can enhance barrier function, thereby reducing DNA damage-associated mucosal inflammation.
Discussion
We found that full deletion of β-TrCP in the mouse intestine is lethal as a result of fast destruction of the colon epithelial layer. Destruction is promoted by the presence of bacteria in the gut No up-regulation is observed in the DKO mice (n = 2 for each day, P = 0.2374 vs. control at day 1, P = 0.1068 vs. control at day 2, P = 0.2586 vs. control at day 2, and P = 0.6802 vs. control at day 4), which have no NF-κB activation as a result of stabilized IκB. However, in SAA mice (n = 3 for each day; P = 0.4165 vs. control at day 1, P = 0.0089 vs. control at day 2, P = 0.0551 vs. control at day 3, and P = 0.0008 vs. control at day 4), with intact NF-κB, IL-RA is up-regulated following β-TrCP KO induction. (C) FITC levels in the plasma of the indicated mice 6 h after FITC-dextran force-feeding. SAA mice show fourfold increase in FITC levels, indicating high gut permeability. However, SAA treated with anti-IL-1β neutralizing antibody (daily i.p. injections, 400 mg/kg body weight) showed reduced levels of plasma FITC, comparable with the control mice, revealing the critical role of IL-1β in the barrier disruption process of these mice even in the presence of intact NF-κB signaling (P values are indicated).
lumen, likely responsible for the severe inflammation that develops in the gut 3 d after β-TrCP KO. We propose that intestinal barrier disruption following β-TrCP deletion is the primary cause of the pathology in β-TrCP DKO gut, as intestinal permeability is abnormally high already within 24 h of β-TrCP KO induction. We show that the cause of the high penetrability is the aberrant induction of IL-1β at the gut epithelium proper, differently from the reported effects of IL-1β secreted by mucosal inflammatory cells (30) . More importantly, we were able to attribute to epithelial IL-1β a role of a doorkeeper, opening epithelial TJs, whereas anti-IL-1β treatment seals the TJs and tightens the epithelial barrier, thus preventing the pathological permeability. IL-1β is induced in the β-TrCP mouse model by an unresolved molecular mechanism, yet the upstream inducer of IL-1β expression is likely DNA damage caused by dysregulation of cell cycle machinery following β-TrCP deletion. Accordingly, we showed that DNA damage induces IL-1β expression in other systems, such as the gut epithelium of γ-irradiated WT and IKK DKO mice, doxorubicin-treated SW480 epithelial cell line, and doxorubicin-treated primary bone marrow-derived macrophages. DNA damage-induced IL-1β transcription is NF-κB-independent, as NF-κB activity is completely repressed in β-TrCP and IKK-depleted enterocytes and is proteasome inhibition-insensitive in cell culture. We therefore speculate that DNA damage may induce a defensive inflammatory response, which is initiated by IL-1β induction, yet is NF-κB-independent.
Unlike the current dogma that attributes this offensive inflammatory response primarily to NF-κB activation (28), the present study reveals an early immune reaction, based on IL-1β expression and secretion, independently of NF-κB. IL-1β expression may be endogenously counterbalanced by an NF-κB-dependent expression of the IL-1β natural antagonist IL-1Ra. Such protective NF-κB reaction may function in addition and possibly ahead of the well-known apoptosis protection function of the transcription factor (31). This proposed homeostatic mechanism is presumably fast and effective in local injuries, or low-grade insults (e.g., single, low-dose irradiation dose irradiation), enabling a short period of IL-1β action and its rapid termination by the antagonist. However, upon repeated doses of radiation or chemotherapy, the induction of IL-1Ra is probably too slow to counteract the immediate disruption of the barrier by IL-1β, resulting in mucositis; prophylactic anti-IL-1β treatment is likely to prevent the TJ dysfunction and may therefore ameliorate mucositis. Anakinra, an IL-1Ra, is currently in use for the treatment of rheumatoid arthritis, gout, and other inflammatory diseases (14) . The drug has minimal side effects, and, unlike NF-κB inhibitors, will not hazardously compromise the patient's immune system. We therefore propose testing the use of anakinra for the treatment of patients with mucositis as a prophylactic treatment.
Based on our results, and contrary to the conclusions of some previous studies (32) , NF-κB inhibition may be deleterious in patients with mucositis. We show that pro-IL-1β can be produced independently of NF-κB, and its processing and secretion will be augmented by the inflammasome activation via NF-κB inhibition (24) . Moreover, NF-κB inhibition will compromise the expression of IL-1Ra, which will further enhance the barrierbreach effect of IL-1β. We thus maintain that direct IL-1β inhibition would be the preferred means for preventing and ameliorating mucositis.
IL-1β is known to play a key role in inflammation (33) and has specific relevance in intestinal inflammation (34) . Whereas most studies (35) (36) (37) (38) addressed the role of inflammatory-cell IL-1β, the present study focused on epithelial-derived IL-1β, which probably has short-range effects, mostly within the intestinal epithelium itself. When an epithelial-born IL-1β has induced a barrier breach, it likely promotes an inflammatory cascade recalling multiple innate and adaptive immune and inflammatory cells rapidly into the intestinal mucosa. Then, inflammatory cellderived IL-1β might cooperate with multiple innate and adaptive effector pathways (39) to propagate an inflammatory reaction. In humans, IL-1β up-regulation following DNA damage is observed in cancer patients with mucositis (28), a severe pathologic condition affecting most patients treated with standard chemotherapy or radiation therapy (28, 40) . Anti-IL-1β treatment may thus ameliorate mucositis as well as multiple disorders associated with barrier permeability, including burn injuries (33) , head and neck trauma (41) , cardiogenic shock (42), alcoholic intoxication (43), and graft-vs.-host disease (40) . Furthermore, preventive anti-IL-1β treatment may obviate the common need for chemoradiation therapy suspension as a result of mucositis and improve patients' quality of life during treatment.
Methods
Generation of KO Mice. β-TrCP targeting vector was constructed on the basis of pGEM 11 Zf (+), to which an XbaI/SaI1 fragment of Neomycin cassette flanked by two loxP sites was inserted from pL2neo expression vector for positive selection. Exon 4 of murine FbxW11 gene (encoding mouse β-TrCP2) was cloned into the vector, flanked by loxP sites using a third loxP site. Short (1 kb) and long (5 kb) homology sequences were cloned upstream and downstream of the targeted exon, respectively, to facilitate homologous recombination of the construct to the genome. All genomic fragments were amplified by PCR from 129/SVJ mouse DNA. The vector was linearized with SalI and purified by using phenol-chloroform and ethanol precipitation methods. Electroporation of the linear vector was performed with a BioRad electroporator using electroporation buffer (Sigma) into R1 (129/SVJderived) embryonic stem (ES) cells. ES cell culture was grown on feeder layer of MEFs using DMEM supplemented with 15% (vol/vol) ES-tested FBS and 1,000 U/mL of ESGRO (Chemicon). Neomycin selection was done in 0.2 mg/ mL G-418 (Sigma). Validation of genomic modulations was performed by PCR. Positive ES clone was used to generate conditional β-TrCP2 KO mice. Morula aggregation method was used to establish chimeric mice from each of the positive ES cell clones, using ICR-derived morulas. ICR mice were used to check for germ-line transmission of the 129/SVJ-derived ES clones.
Production of MEFs. MEFs were prepared from 12.5 d postcoitum, embryos and seeded onto 10-cm plates precoated with 0.5% gelatin. Culture was maintained in DMEM (Gibco) supplemented with 10% (vol/vol) FCS (Beit Ha'emek).
RNA and Protein Extraction and Quantitative PCR Analyses. RNA was recovered from tissues by using Sigma Tri-Reagent according to manufacturer instructions. cDNA was prepared by using MMLV Reverse Transcriptase (Invitrogen). Quantitative real-time PCR analysis was performed by using Platinum SYBR green reagent (Invitrogen) and an ABI Prism 7900 Real Time Thermocycler. Protein extracts were prepared in protein lysis buffer (50 mM Tris, 420 mM NaCl, 5 mM EDTA) supplemented with protease and phosphatase inhibitors. Gene expression results were normalized to UBC, HPRT, and PPIA for mouse tissue samples and to UBC and HPRT for cell culture, from mouse or human origin.
Quantitative PCR Primers. Quantitative PCR primers were as follows: β-TrCP1, forward, AAA TAA CCC AAC ACT GGC CTC A; reverse, TCA TCC TGG TCT TGG CAG GT; β-TrCP2, forward, TGG CGC CTA TGA TGG GAA; reverse, GTC AAG AGC AGC CTG CAA GTC; IκBα, forward, CTC ACG GAG GAC GGA GAC TC; reverse, TGA CTT CCA TGG TCA GCG G; Ciap2, forward, AGT ACT TGC TCA GAA TCA AAG GC; reverse, CGT CTG CAT TCT CAT CTT CTG; MMP9, forward, AAC CTC CAA CCT CAC GGA CAC; reverse, CTG CTT CTC TCC CAT CAT CTG G; P100, forward, CAG CGA GGC TTC AGA TTT CG; reverse, CAC CTG GCA AAC CTC CAT G; IL-1β, forward, ACC TTC CAG GAT GAG GAC ATG A; reverse, CTA ATG GGA ACG TCA CAC ACC A; and IL-1R, forward, TAC CTG CCA AGG TGG AGG AC; reverse, AGG TGG CCT GTG TGC TGT AA.
Antibodies and Immunohistochemistry. The following antibodies were used: phosphorylated β-catenin (Ser33, Ser37, Thr41), β-catenin (Cell Signaling), E-cadherin (BD Transduction Laboratories), phospho-histone H3 (Upstate), tubulin (Sigma), p65 (SC-109; Santa Cruz), cleaved caspase 3 (Cell Signaling), p21 (Santa Cruz), p53 (CM5; Novocastra), IL-1β (AF-401-NA; R&D Systems), γ-H2AX (Millipore), GAPDH (Fitzgerald), BrdU (Neomarkers), γ-tubulin (T5326; Sigma), and α-tubulin (Sigma). For Western blot analysis, HRPlinked goat anti-mouse, goat anti-rabbit, goat anti-rat, and rabbit anti-goat Animal Procedures. All procedures were approved by the animal care and use committee of the Hebrew University of Jerusalem or Columbia University. Animals were provided food and water ad libitum. All mice used in the study were male, age 2-3 mo. KO induction. Tamoxifen (Sigma) was dissolved in corn oil (Sigma) to a stock solution of 20 mg/mL. Mice were injected twice i.p. with 120 mg/kg of tamoxifen for a subsequent 2 d. Mice were killed 1-5 d after the first injection. Intestine analysis. Small and large intestines were removed and flushed with ice-cold PBS solution. Proximal (jejunum) and distal (ileum) small intestine fractions and the entire large intestine were cut open longitudinally, rolled and fixed in 4% (vol/vol) formaldehyde for 12-24 h, and paraffin-embedded. Small pieces of jejunum and ileum were embedded in optimum cutting temperature compound (Sakura) and frozen at −80°C. Enterocytes (intestinal epithelial cells) were isolated from the middle part of the small intestine as described previously (44), with slight modifications: intestine was washed and minced into small pieces in ice-cold PBS solution/1 mM DTT, then dispersed into single cells in Ca 2+ /Mg 2+ -free HBSS containing 10 mM Hepes, 5 mM EDTA, and 0.5 mM DTT, at 37°C for 15 min, with slow agitation. Tissue pieces were mixed vigorously, and cell suspension was centrifuged. Cell pellets were divided into aliquots and frozen in liquid N 2 and stored at −80°C. BrdU labeling. Two hours before the animals were euthanized, mice were injected i.p. with 100 μL/kg of BrdU reagent (GE Healthcare). Etanercept treatment. Etanercept was injected s.c., 10 mg/kg body weight. Antibiotic treatment. Mice were treated for 15 d with metronidazole, imipenem, and vancomycin in drinking water. Dosage of each was 100 mg/kg body weight (45) .
FITC-dextran permeability assay. Mice were force-fed (i.e., gavage) 2 mg/kg body weight FITC-Dextran (4 kDa; FD4; Sigma). Six hours later, blood was collected from the tail vein and immediately drained into two duplicate test tubes and flushed with blood dilution buffer (50 mM of Tris base plus 150 mM sodium chloride, pH 10) for a 20-fold dilution. The tubes were then centrifuged at 600 × g for 10 min. Standard concentrations of the FITC-D (0, 9.4, 18.75, 37.5, 75, 150, and 300 pmol/mL) were prepared. Sample supernatants (200 μL) and standard solutions were pipetted into duplicate wells of a black microtiter plate, and the fluorescence was read on a FLUOstar OPTIMA plate reader (BMG Biotechnologies) with wavelengths at 485 nm excitation and 520 nm emission.
Transmission EM. Animals were killed as described, and intestines were removed and immediately fixed by Karnovsky fixative. Following cacodylate buffer washes and postfixation with 2% (wt/vol) OSO 4 , samples were dehydrated in ethanol gradient and transferred to propylene oxide. Embedding was done in beam capsules by EMbed 812 Resin (no. 14120; EMS) at 60°for 48 h. Thin sections (50-70 nm) were stained by uranyl acetate and lead citrate and examined under a Philips EM 12P electron microscope (voltage 100 KV). All EM results were blind-tested by Kristy Brown (EM facility, Columbia University).
ELISA on Intestinal Samples. After mice were killed, a piece (∼0.5 cm) of the intestine was taken for overnight incubation in 1 mL RPMI medium (Gibco) supplemented with penicillin/streptomycin (Beit Ha'emek) at 37°and 5% CO 2 . The next morning, the medium was collected and divided into aliquots, and samples were weighed for normalization. ELISA for TNF was done with a BD ELISA kit (cat no. 560478). IL-1β ELISA was done with a BD ELISA kit (cat no. 559603) according to manufacturer instructions.
